Background/Aims: Pseudomonas aeruginosa (PA) is one of the major opportunistic pathogens which can cause chronic lung infection of cystic fibrosis (CF). The formation of PA biofilm promotes CF development and restricts the antimicrobial efficacies of current antibiotics. Methods: The antimicrobial effects of azithromycin (AZM) and berberine (BER) alone and in combination were evaluated using microdilution method, checkerboard assay, time-kill test, qRT-PCR analysis and absorption method. The treatments of AZM and/or BER were further evaluated in an animal lung infection model via observing survival rate, bacterial burden and histopathology of lung, the levels of pro-/anti-inflammatory cytokines. Results: AZM-BER were demonstrated to be synergistic against ten clinical PA isolates as well as the standard reference PA ATCC27853, in which PA03 was the most susceptible isolate to AZM-BER with FICI of 0.13 and chosen for subsequent experiments. The synergism of AZM-BER was further confirmed against PA03 in time-kill test and scanning electron microscope (SEM) at their concentrations showing synergism. In PA03, we found that AZM-BER could significantly attenuate productions of a series of virulence factors including alginate, LasA protease, LasB protease, pyoverdin, pyocyanin, chitinase as well as extracellular DNA, and remarkably inhibit the levels of quorum sensing (QS) molecules and the expressions of lasI, lasR, rhlI, rhlR at 1/2×MIC, 1×MIC and 2×MIC. In the infection model, the mice survival were increased markedly, the inflammations of infected lungs were improved greatly along with reduced IL-6, IL-8 and ascended IL-10 at 0.8 mg/kg of AZM combined with 3.2 mg/kg of BER. Conclusion: BER might be a promising synergist to enhance the antimicrobial activity of AZM in vitro and in vivo.
Introduction
Pseudomonas aeruginosa (PA) is a versatile opportunistic pathogen and can trigger a wide range of life-threatening nosocomial infections including cystic fibrosis (CF). CF is a familiar chronic airway infection and characterized by accumulation of purulent and viscous mucus, obstruction, airway destruction as well as fibrosis with incidence of 1 in 2,500 live births [1] [2] [3] [4] [5] [6] [7] [8] . The susceptibility of lung to PA-induced CF infection can be attributed to the well adaptation of PA to the inflammatory response to the respiratory and conductive zone of lung, whereas the most important adaptive strategy of PA is biofilm formation [9] [10] [11] . Biofilm is a complicated three-dimensional structure consisting of surface-attached microbial cells and self-produced extracellular substance encasing the cells. Biofilm phenotype renders high resistance of enclosed cells to antimicrobial agents that can be up to 10-1000 fold greater than that of its planktonic counterpart [12, 13] . The formation of PA biofilm results in futilities of many antibiotics and treatment failures.
Current widely-employed approach to enhancing antibacterial activities of traditional antibiotics is the use of drug combination [14] [15] [16] . Azithromycin (AZM), one of the macrolide antibiotics, has been demonstrated to possess bacteriostatic and antibiofilm activities against PA at therapeutic concentrations. Increasing evidence showed that AZM improved survival rate in PA biofilm-induced CF patients [17] [18] [19] . However, the incidence of resistance to AZM rises remarkably in especially the newly-isolated clinical PA isolates. Since it can disorganize biofilm structure and reverse biofilm cells to planktonic state in PA, AZM in combination with a drug which also owns anti-Pseudomonas activity might be more effective than AZM used alone in the treatment of PA biofilm-associated CF infections [15] .
Mounting reports have revealed that active ingredients from medicinal plants were promising for antimicrobial purposes [20] [21] [22] [23] [24] [25] . Berberine (BER), a natural isoquinoline alkaloid found in a variety of medicinal plants, had a broad antimicrobial spectrum alone or in combination with other antibiotics [26] [27] [28] . The present study aimed to investigate the antibacterial potentials and associated mechanisms of BER and AZM alone and in combination against clinical PA isolates from CF patients. The treatment efficacies of BER and/or AZM were further evaluated in a mice lung infection model.
Materials and Methods

Bacterial strains
Ten clinical isolates of PA isolated from CF patients were provided by the First Affiliated Hospital of Zhejiang University (Hangzhou, Zhejiang, China). The standard strain of PA ATCC27853 was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (NICPBP, Beijing, China). All strains were stored at -80°C and sub-cultivated in Luria-Bertani (LB, Hope, Qingdao, China) medium at 37°C 220 rpm for 18 h till the strains reached to the late log phase. Chromobacterium violaceum CV026 (NICPBP, Beijing, China) was cultured in LB medium supplemented with N-hexanoyl homoserine lactone (HHL, 10µM, Fluka, Buchs, Switzerland) to induce violacein. The bacterial suspension was incubated aerobically at 37°C for 16-18 h with gentle shaking till OD 600 reached to 0.1 prior to experiments.
Susceptibility testing
The anti-Pseudomonas activities of AZM and BER were conducted using broth microdilution method in strict accordance with the criteria of the Clinical and Laboratory Standards Institute (CLSI). The bacterial suspension (5 × 10 5 CFU/mL) was incubated with AZM or BER in a 96-well microtitre plate for 24 h at 37°C. The antimicrobial agents were serially two-fold diluted with final concentrations ranging 2-1024 µg/mL for AZM and 64-2048 µg/mL for BER. The minimum inhibitory concentration (MIC) was defined as the lowest concentration of AZM or BER to cause no visual growth of bacteria. The combined interaction of AZM with BER was assessed by checkerboard assay. The final concentrations of the drugs were prepared in a range of 1/64-16 × MIC for AZM and 1/64-1 × MIC for BER. The fractional inhibitory concentration index (FICI) was equal to (MIC of AZM in combination/MIC of AZM alone) + (MIC of BER in combination/MIC of BER alone).
The definitions of synergism, indifference and antagonism were interpreted as FICI ≤ 0.5, > 0.5 and ≤ 4.0, and > 4.0, respectively [29] .
Time-kill (T-K) assay
The antimicrobial efficacies of AZM and/or BER was further surveyed in PA03 due to its lowest FICI. PA03 suspension (5 × 10 5 CFU/mL) was initially incubated with AZM and/or BER at their concentrations showing synergism as determined previously by the checkerboard assay. At the designated time points (0, 4, 8, 12 and 24 h), an aliquot of suspension was pipetted and smeared to count the viable cells on LB agar plate. The control contained bacteria only. The T-K curves were plotted by logarithm of colony forming unit (CFU) per milliliter versus time (h). Synergism was defined as an increase of ≥ 2log 10 CFU/mL in killing for the combined agents compared with the most active agent used alone. Antagonism was defined as a decrease of ≥ 2log 10 CFU/mL in killing for the combined agents compared with the most active agent alone. Indifference was defined as a decrease of ≤ 2log 10 CFU/mL in killing for the combined agents compared with any agents used [25] .
Inhibition of preformed PA biofilm PA03 (5 × 10 5 CFU/mL) biofilm was formed in LB medium for 24 h at 37°C, and then incubated with AZM and BER alone and in combination at 1/2×MIC, 1×MIC and 2×MIC in a 96-well flat-bottomed microtitre plate for another 24, 48 and 72 h at 37°C. The medium free of agent was set as control. The biofilm formation (%) were measured by crystal violet (CV) staining, which was equal to OD 545 of sample treated / OD 545 of control [30] .
Scanning electron microscope
The PA03 biofilms were treated with or without 1/16×MIC AZM and 1/16×MIC BER alone and in combination for 24 h as described above on sterile cover slips in a 6-well plate. After treatments, the cover slips were rinsed by sterile PBS for three times, and then fixed by 2.5% (v/v) glutaraldehyde overnight. After drying, the samples were dehydrated by increasing concentrations of ethanol (20 %, 40 %, 70 %, 90%, 95% and 100 %, v/v, 2 min each). Finally, the samples were processed by gold sputtering (JEOL JFC 1200E Ion sputtering device) and observed by SEM (JSM-6700F, Japan).
Quantification of biofilm protein
The procedures of PA03 biofilm protein extraction were described previously with a few modifications [31] . Briefly, the preformed PA03 biofilms were incubated with or without AZM and BER alone and in combination at 1/2×MIC, 1×MIC and 2×MIC at 37°C for 24 h. After incubations, the biofilms were washed gently by sterile PBS to remove planktonic cells and adhered loosely cells. The biofilm cells were then scratched into a test tube, boiled in 5 mL 15 mM NaOH for 30 min, and centrifuged at 10,000 g for 5 min. The concentrations of collected protein were measured following instructions of a BCA Protein Quantification Kit (Vazyma, Nanjing, Jiangsu, China).
Evaluations of virulence factors
(i) Alginate. The alginates of PA03 biofilms were extracted and quantified as described previously with minor modifications [31] . Briefly, the preformed PA03 biofilms treated as above were scratched and washed by sterile PBS for several times. The suspension was centrifuged at 10000 g for 20 min at 4°C. Then the pellets were added with 10 mM EDTA, vortexed for 15 min and centrifuged at 10000 g for 20 min at 4°C. The collected supernatant was then incubated with 2.5 volume of cold ethanol (100%, v/v) at -20°C for 1 h and centrifuged at 10000 g for 20 min at 4°C. After being dissolved in sterile PBS, the deposit containing alginate was analyzed by phenol-sulphuric acid method [16] .
(ii) Protease. The lasA staphylolytic activities of preformed PA03 biofilms treated as above were measured according to the procedures as described previously with minor modifications [32] . Briefly, the stored Staphylococcus aureus cells were cultured for 18 h, centrifuged at 12000 g for 15 min, and resuspended in pH 8.5 0.02 M Tris-HCl to the final concentration of 1 × 10 6 CFU/mL. The suspension was boiled for 10 min and diluted with pH 8.5 0.02 M Tris-HCl to OD 595 of 0.8. After coincubation with cell-free supernatant of PA03 (1:9), the absorbance of the diluted suspension was measured at 595 nm.
(iii) Elastase. The LasB elastolytic activities of preformed PA03 biofilms treated as described above were determined using Elastin-Congo red (ECR; Sigma, St. Louis, USA) as substrate [33] . Briefly, the culture supernatant (100 μL) of PA03 was incubated with 900 μL of ECR buffer (20 mg ECR, 100 mM Tris, 1 mM CaCl 2 , pH 7.5) at 37°C for 3 h. Then the suspension was mixed with 1 mL of pH 6.0 0.7 M sodium phosphate buffer and centrifuged at 12000 g for 15 min to remove insoluble ECR. The absorbance was finally measured at 495 nm.
(iv) Pyoverdin. The secreted pyoverdins of preformed PA03 biofilms treated as above were detected according to the methods described previously with modest adjustments [34] . Briefly, the cell-free culture supernatant of PA03 was obtained by centrifuging at 12000 g for 15 min. The relative pyoverdin content was measured by a fluorescence spectrophotometer (F-700, Hitachi, Japan) at 405 nm excitation and 465 nm emission.
(v) Pyocyanin. The pyocyanins of preformed PA03 biofilms following the same treatments as above were quantified based on the procedures described previously with a few adjustments [35] . Briefly, the cellfree culture supernatant of PA03 (5 mL) was mixed with 3 mL of chloroform and 1 mL of 5 mM HCl in order to extract pyocyanin. The absorbance was finally measured at 520 nm.
(vi) Chitinase. The chitinase activities of preformed PA03 biofilms with the same treatments as above were evaluated based on the previous procedures [36] . Briefly, the culture supernatant (200 μL) of PA03 was co-incubated with carboxymethyl-chitin-remazol brilliant violet (100 μL, 2 mg/mL, Loewe Biochemica, Sauerlach, Germany) and sodium acetate buffer (100 μL, 0.05 M, pH 5.0) for 20 min in a 50°C water bath. The suspension was mixed with HCl (100 μL, 2 M) for 10 min in an ice bath and centrifuged at 10000 g for 5 min. The absorbance was finally measured at 540 nm.
(vii) Extracellular DNA (eDNA). The eDNA contents of preformed PA03 biofilms were determined after the parallel treatments as above according to the procedures as described previously [37] . Briefly, PA03 suspension was centrifuged at 12000 g for 5 min. The supernatant was collected to precipitate eDNA by adding NaCl (250 mM) and ethanol (2:1), and then re-suspended in 100 μL of TE buffer (10 mM TrisHCl, pH 8.0; 1 mM EDTA, pH 8.0). The concentrations of eDNA were measured by dsDNA quantification kit according to the manufacturer's instruction (Quant-iT™, PicoGreen dsDNA Assay Kit, Life technologies). Briefly, the extracted eDNA (100 μL) was incubated with PicoGreen reagent (100 μL) for 5 min at 25°C. The fluorescence intensity was measured at 480 nm excitation and 520 nm emission (TEKAN, Infinite M200 Pro, Switzerland).
Violacein quantification
The violacein contents were measured to reveal the inhibitory activities of PA quorum sensing (QS) molecules following the procedures as described previously with minor modifications [38] . Briefly, PA03 suspension (100 mL) was centrifuged at 16000 g for 15 min. The supernatant was then transferred to a clean flask, added with an equivalent volume of ethyl acetate and centrifuged at 16000 g for 15 min. The organic phase was pooled and concentrated by rotary evaporation for further use. CV026 suspension (1 mL, OD 600 = 0.1) was incubated with extracted QS molecules (1 mg/mL) for 24 h at 37°C with gentle shaking. Following incubation, a volume of bacterial broth (200 µL) was transferred to Eppendorf tube and mixed with 10% (w/v) SDS (200 µL) for 5 min. Subsequently, 900 µL of water-saturated butanol was added into the bacterial broth, vortexed vigorously for 20 s, and centrifuged at 16000 g for 15 min. Finally, the violacein-containing butanol phase were transferred to a new flat-bottomed microplate for absorbance measurement at 585 nm.
Expressions of QS-related genes
The total RNA was extracted using MagExtractor-RNA kit (ToyoBo, Tokyo, Japan). Complementary DNA was prepared by ReverTra Ace qPCR RT Master Mix with gDNA Remover kit (ToyoBo, Tokyo, Japan). The primer sequences of lasI, lasR, rhlI, rhlR and ropD were synthesized by Sangon Biotech (Shanghai, China; Table 2 ). The qRT-PCR was performed on ABI7000 fluorescent quantitative PCR system (Applied Biosystem) followed by 95°C for 60 s, and 95°C for 15 s, 56°C for 15 s, 72°C for 45 s for 40 cycles. All data were normalized to the reference gene ropD. The relative expressions of target-gene were calculated as a fold change of 2 -ΔΔCt value, in which ΔΔCt = ΔC t target gene -ΔC t ropD as described previously [39] .
Animal experiment
All animal experimental procedures were conducted in conformity with institutional guidelines for the care and use of laboratory animals of The First Affiliated Hospital, College of Medicine, Zhejiang University and the National Institutes of Health Guide for Care and Use of Laboratory Animals. Forty pathogen-free BALB/c mice (6-8 weeks and 18-22g) were purchased from Center of Experimental Animals, Zhejiang University, Hangzhou, China. These mice were divided into five groups: normal group, infection control group, AZM-treated group, BER-treated group, and AZM+BER-treated group. The mice were maintained in micro-isolator cages in a pathogen-free barrier facility throughout the experiment, being provided with food and water ad libitum for 10 days to acclimatize the environment. An experimental model of chronic lung infection was established as described previously with minor modifications [29] . Briefly, the neutropenia of mice was induced by intraperitoneal injection of cyclophosphamide (Sigma-Aldrich, MO, USA) 4 days prior to PA infection (150 mg/kg), 1 day before PA infection (100 mg/kg), and 1 day postinfection of PA (100 mg/ kg). Each mouse was challenged intranasally with 40 μL 1 × 10 7 CFU/mL PA03 for 24 h. After that, the mice were treated with (i) no drug, (ii) 0.8 mg/kg AZM, (iii) 3.2 mg/kg BER, and (iv) 0.8 mg/kg AZM + 3.2 mg/ kg BER via tail vein. Animals were sacrificed on day 3. The lungs were excised aseptically and homogenized in sterile PBS. The homogenized suspensions were spread on LB agar plates at 35°C for 48 h of incubation.
Histopathology
The en bloc excised lung tissues were fixed in 10% formalin for 24 h at 4°C, dehydrated in an ethanol gradient (30-100%), and embedded in paraffin. The longitudinal sections (5 mm thick) were stained with hematoxylin and eosin (HE).
Cytokine estimation
After homogenization and centrifugation, the lung suspension was used to estimate the levels of IL-6, IL-8 and IL-10 by a commercial enzyme-linked immunosorbent assay kits (PeprotechInc., Rocky Hill, NJ, USA) as per manufacturer's instructions.
Statistical analysis
Each experiment was performed triplicate in three different occasions. The data of experimental result were recorded as mean ± standard deviation and calculated by SPSS 19.0 (SPSS Inc., Chicago, IL, USA). The survival analysis was processed by Kaplan-Meier test via Log-rank method. Differences between groups were determined using analysis of variance (ANOVA). Statistical significance was defined when a p-value was less than 0.05. 
Results
Antimicrobial activities of AZM and/or BER against PA
As shown, BER was synergistic with AZM against the tested PA isolates (n = 11) with a FICI range of 0.13-0.5. The MICs of AZM and BER in combination decreased by 4-16 and >4 fold compared with their MICs used alone (Table 1) . Evidently, PA03 was the most susceptible among the tested isolates due to its lowest FICI and chosen for subsequent experiments. In T-K test, AZM (16 µg/mL or 1/16×MIC) and BER (64 µg/mL or 1/16×MIC) alone could not inhibit the growth of PA03 within 24 h, while the bacterial growth decreased after 4 h of co-incubation with AZM and BER. Following 24 h of treatment, AZM and BER together reduced the pathogen above 2log 10 CFU/mL compared with AZM (the most active agent) alone (Fig. 1A) . The antibiofilm potentials of AZM and/or BER at 1/2×MIC, 1×MIC and 2×MIC were inspected in 24-, 48-and 72-h preformed PA03 biofilms. As demonstrated, the 24-h preformed PA03 biofilms were inhibited at 1/2×, 1×, 2×MIC of AZM and 2×MIC of BER (p < 0.05, p < 0.01, p < 0.01, p < 0.05), but disrupted at the combined concentrations of 1/2×MIC, 1×MIC and 2×MIC (p < 0.001, p < 0.001, p < 0.001). The antibacterial effects of AZM and/ or BER in 48-h preformed biofilms were similar to those in 24-h preformed biofilms. As for 72-h preformed biofilms, AZM alone at 2×MIC (p < 0.05) and AZM-BER at 1/2×MIC, 1×MIC and 2×MIC (p < 0.05, p < 0.001, p < 0.001) were found effectively to suppress the formations of PA03 biofilms (Fig. 1B) . In SEM, AZM (1/16×MIC) or BER (1/16×MIC) began to disorganize the PA03 biofilms, but amounts of biofilm cells could be observed compared with the control. The biofilm matrixes were almost removed and the biofilm cells were decreased markedly when AZM and BER were used concomitantly compared with the drug-free control (Fig. 1C) .
Effects of AZM and/or BER on virulence factors in PA03
Virulence factors of PA played a critical role in the regulation of biofilm formation and pathogenic invasion. In this study, a group of virulence factors including biofilm protein, alginate, LasA, LasB, pyodervin, pyocyanin, chitinase and eDNA were investigated at AZM and BER alone and in combination of 1/2×MIC, 1×MIC, 2×MIC. As shown, the productions of biofilm protein and alginate were inhibited by AZM alone (p < 0.05, p < 0.01, p < 0.01) and 1×MIC, 2×MIC BER (p < 0.05, p < 0.05), while AZM-BER exhibited better inhibitions than either drug used alone (p < 0.001, Fig. 2A and 2B) . The LasA activities decreased evidently after the administrations of AZM and BER alone and in combination (p < 0.01, p < 0.001, Fig.  2C ). Except 1/2×MIC BER, the LasB activity declined in a similar manner with LasA (Fig.  2D) . The pyodervin content remained approximately 85%, 79%, 70% after the treatments of AZM (p < 0.05, p < 0.01, p < 0.01), 89%, 87%, 84% after the exposures to BER (p < 0.05, p < 0.05, p < 0.05), and 77%, 58%, 34% when AZM-BER were used (p < 0.01, p < 0.001, p < 0.001, Fig. 2E ) compared with the control. It was obvious that AZM-BER resulted in 58%, 69%, 87% of decreases for pyocyanin (p < 0.001, p < 0.001, p < 0.001, Fig. 2F ), 42%, 55%, 79% of reductions for chitinase (p < 0.001, p < 0.001, p < 0.001, Fig. 2G ), and 48%, 72%, 91% of declines for eDNA (p < 0.001, p < 0.001, p < 0.001, Fig. 2H ) compared with the control.
Effects of AZM and/or BER on the generations of QS molecules and the expressions of QSrelated genes
CV026 could produce violacein in the presence of QS molecules secreted by PA. Guided by this principle, the levels of QS molecules were monitored. As exhibited, the violacein levels decreased significantly at AZM and BER alone and in combination of 1/2×MIC, 1×MIC and 2×MIC (p < 0.01 or p < 0.001, Fig. 3A ) except 1/2×MIC BER. Meanwhile, the expressions of lasI, lasR, rhlI and rhlR related with two well-described QS systems in PA were analyzed by qRT-PCR. The results showed that the expressions of lasI, rhlI, rhlR experienced 1.21-14.28, 1.14-5, 1.15-4.35 fold of decrease after drug treatments at the chosen concentrations except 1/2×MIC BER (p < 0.05 or p < 0.01 or p < 0.001, Fig. 3B , D, E) compared with the control. We also noticed that the expressions of lasR were down-regulated by 1.14-50 fold at all agent concentrations studied (p < 0.01 or p < 0.001, Fig. 3C ) compared with the control. These results suggested that AZM-BER presented more effective inhibitions against the levels of QS molecules and the expressions of QS-related genes in PA03 compared with AZM or BER alone.
Treatments of AZM and/or BER in a rat lung infection model
At the 8 th day post-infection, 0, 2, 1 and 7 mice survived (n = 8) with the treatments of no drug, 0.8 mg/kg AZM, 3.2 mg/kg BER and 0.8 mg/kg AZM plus 3.2 mg/kg BER (Fig.  4A) . At the 3 rd day post-infection, the bacterial burdens of lung were significantly relieved by AZM and BER alone and in combination compared with the drug-free control (p < 0.001, p < 0.001, p < 0.001, Fig. 4B ). In control group, no affected areas and abnormal morphology were observed. The lung tissues showed macro-abscesses and notable hemorrhage with minor normal areas. The histological analyses revealed pneumonic consolidation and infiltrated neutrophils in excised tissues. These results suggested severe inflammation in mice lungs post-infection (Fig. 4C) . The solo use of AZM or BER mitigated the lung inflammation with shrunk abscesses, reduced hemorrhagic areas, and decreased levels of pro-inflammatory cytokines IL-6, IL-8 (p < 0.05 or p < 0.001, Fig. 4C and Fig. 5 ). The AZM-BER further alleviated 5 . The pro-inflammatory cytokine levels of (A) IL-6, (B) IL-8 and the anti-inflammatory cytokine level of (C) IL-10 were determined by a commercial enzyme-linked immunosorbent assay kits in whole lung homogenates from the sacrificed mice. The experimental conditions could be seen in Fig. 4 . *, p < 0.05; **, p < 0.01; ***, p < 0.001; compared with the control.
investigated in some bacteria such as Staphylococcus aureus (MIC = 32-256 µg/mL), less studies were focused on the antipseudomonal activity of BER which was relatively weak (MIC ≥ 512 µg/mL) [25, 40] . Our experiments confirmed the poor antipseudomonal activity of BER (MIC > 1024 µg/mL). As demonstrated previously, the MIC of AZM against PA altered in a wide range from 2 to 512 µg/mL depending on the strains and the testing procedures [41, 42] . Herein, the MIC of AZM ranged from 128 to 512 µg/mL indicating the resistances of these clinical PA isolates to AZM. Our results manifested that either AZM or BER alone was hard to combat PA, but their combination displayed synergistic potential to inhibit the bacterial growth at lower concentrations. Biofilm is a complex structure to protect the encased cells from host immune clearance and antimicrobial attacks via the secreted matrixes mainly composed of alginate. Besides alginate, several proteins and organic molecules including LasA, LasB, pyoverdin, pyocyanin, chitinase, and eDNA are also the virulence factors of PA [16] . In this study, sub-MIC of AZM and BER in combination was inhibitory on the biofilm formation and the productions of virulence factors in PA03. Actually, most virulence factors were subject to the regulation of quorum sensing (QS) system. As known, there are two QS systems found in PA, namely las and rhl systems [43] . The las system generates 3O-C12-HSL molecules to interact with LasR and controls the levels of LasA, LasB, and chitinase; while rhl system produces C4-HSL to conjugate with RhlR and activates the expression of pyocyanin [43, 44] . We found that QS and the expressions of QS-related genes as well as eDNA which was also essential for biofilm structure could be significantly suppressed by AZM plus BER at sub-MIC. These results suggested that the anti-PA activity of AZM-BER might be associated with attenuating virulence factors.
Several reports displayed that both AZM and BER could target efflux pumps (MexXY) [40, 45] and eDNA [26, 30] in PA. However, macrolides were supposed to be difficult of diffusion across the outer membrane of most gram-negative bacteria [46] . In addition, BER could also act on cytoplasmic membrane and intra-nuclear DNA [47] [48] [49] . It is likely that different modes of action of AZM and BER might account for the synergism of AZM-BER, which still needs more studies.
After the in vitro experiments, a mice lung infection model was established using PA03. We observed that AZM-BER remarkably reduced the lung bacterial burden and improved the survival rate compared with either AZM or BER. The same conclusion could also be inferred from the decreased levels of anti-inflammation cytokines (IL-6 and IL-8) and the increased level of pro-inflammation cytokine (IL-10). These results were consistent with the findings of other studies [15, 19] , and demonstrated that BER was synergistic with AZM in the treatment of in vivo PA infection.
In conclusion, AZM and BER in combination could inhibit PA growths in both planktonic and biofilm states, decrease the levels of PA virulence factors, decline the expressions of PA QS-related genes, and improve the survival rate of PA-infected mice. These results suggested that BER could become a promising synergist to enhance the antimicrobial activity of AZM in vitro and in vivo. Nevertheless, more studies are needed to decipher the underlying synergistic mechanism of AZM-BER.
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